This article presents a comprehensive modeling of temperature, carbonation, water and chloride ions transport in cover concrete using the transport model "TransChlor". The
INTRODUCTION
The initiation period of chloride induced steel reinforcement corrosion in reinforced concrete is the time it takes for chloride ions to penetrate from the concrete surface and migrate into the cover concrete until sufficient chloride ion concentration is present at the steel reinforcement to initiate steel corrosion. This initiation period is characterized by chemical conversions and material interactions between the various transport modes and ionic movements.
Microscopic and macroscopic models are often used to model the movement of chloride ions. Microscopic models describe chloride ion movements in concrete [29] [31] [51] [54] and Schmidt-Döhl [50] . Macroscopic models consider the chemical conversions and the thermal, hydrous and chloride ion variations by simulating overall chemical effects on transport. Macroscopic models have been proposed by [7] [19] [27] [32] [44] [45] [53] .
Although microscopic models simulate phase changes more precisely and consider changes of porosity, they often require extensive testing to calibrate model parameters.
This paper details the modeling of chloride ion ingress into concrete by respectively 1) an analytical investigation and 2) predictions and experimental results. The first part defines all Page 3 equations and their parameters employed in the "TransChlor" model and explains and compares with physical observations. In the second part, the model is validated with own experimental results and results from the literature. These findings demonstrate that the "TransChlor" model reliably predicts chloride transport in reinforced concrete structural elements in contact with de-icing salts.
RESEARCH SIGNIFICANCE
To our knowledge, no prediction model of chloride ion ingress in cover concrete under real reconstituted microclimatic conditions currently exists [10] [11] . TransChlor models chloride ion movement via capillary suction and pulled by liquid water. The liquid water transport model is based on experimental results at low temperature (-20°C to 10°C). The TransChlor model validation shows the potential of using a new fiber optic measuring device that permits to reliably record the ingress of chloride ions into the cover concrete. Precise modeling of chloride ions ingress into concrete is significant to predict durability of reinforced concrete structural elements.
ANALYTICAL INVESTIGATION
The objective of the TransChlor model is to predict the initiation of reinforcing steel corrosion considering the actual reconstituted climatic and environmental actions applied on reinforced concrete structural elements. In addition to considering chloride ion diffusion in water, the model simulates aqueous chloride ion. Thus, this novel model complements the water vapor diffusion in the concrete with capillary suction of liquid water originating from precipitations.
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Before discussing the analytical investigation, general numerical arrangements will be presented. The time step chosen in the numerical simulations is set to one hour. This time step is sufficient to precisely simulate temperature profiles, precipitations and water contact with the concrete surface. This time step also takes well into account alternate precipitation and drying periods which are a significant source of chlorides ion movement in cover concrete. If the time step is increased to several hours, the precipitation periods will be accentuated, leading to an overestimation of ionic transport. This time step can be decreased if the variation of boundary conditions is important. This reduction prevents divergence of the numerical solution and consequently boundary conditions are interpolated linearly over this
The TransChlor transport model takes into account by a numerical approach the various transport modes (thermal and vapor transfer, liquid water transport with and without chloride ions, capillary suction, chloride ion diffusion in water, carbon dioxide diffusion in concrete).
The TransChlor model departs from structural modeling by segmenting the structure into distinct components in terms of functional role and corrosion vulnerability (i.e., cover concrete permeability, degree of exposure to corrosive agents, local defects, etc.). The model in particular distinguishes the structural elements exposed to water vapor and liquid water.
General equations
The chloride ion movement in the concrete is characterized by two transport modes: 1) aqueous chloride ion diffusion, and 2) aqueous chloride ion convection. The second transport mode is a rather fast. It is even faster, when liquid water adsorption is due to capillarity and the structural element is under severe exposure conditions.
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The transport model considers primarily two chemical reactions: 1) carbonation and 2) adsorption of chloride ions by the cement paste, the latter being a reversible transformation.
The diffusion movements are the transfer of molecules or ions in the interstitial fluid from high to low concentrations. Diffusion is modeled with a simplified form of Fick's diffusion law. The liquid water movement by capillary suction is induced by the surface tension acting in the capillary pores. The liquid water movement is thus modeled using the kinetics equations. This equation is then transformed into chloride ion movement by a particular algorithm (simulating the convection of chloride ions by water).
The general formulation (1) considers all transport modes: thermal diffusion, carbonation, hydrous transport and chloride ion transport. The first term of the formulation (1) is modeled according to Fick's law, while the second term is a model for capillary suction (1) . The parameter z is only used for the carbonation reaction (2). The matrix E represents the material movement equations, the liquid water movement and the suction of chloride ions by liquid water (4) .
The resolution of the differential equations models space with a finite element method and time with a finite difference method. The simulations developed with the TransChlor model are one dimensional as in [44] .
Thermal diffusion process
The rapid thermal transfer velocity facilitates the dissociation of thermal transfer from all other transport modes. Furthermore, the thermal inertia and the amount of water are considered. The heat-storage capacity of each concrete component, i.e., aggregates, cement and water, is considered. The water consumption during cement hydration (5) is also taken into account following [18] . This leads to the following formulation: The heat-storage capacity of water is very important compared to the aggregates and the cement ( Table 1 ). The water amount varies very quickly in the cover concrete which justifies a more precise modeling of the water transport in the cover concrete. Thermal conductivity takes into account an internal thermal inertia due to the water temperature. Thus thermal conductivity depends on the concrete water content and Page 9 temperature. The model is valid for temperatures higher than zero and up to 80°C (6) (7).
Both equations are developed by continuous polynomial interpolation. A Lagrange interpolation using the results from [18] yield the numbers presented below. The TransChlor model reference temperature is maintained at 0°C. When the temperature is below 0°C, the water content does not influence the cover concrete thermal transfer velocity [8] . Thus the isothermal curve at 0°C corresponds to the minimal concrete values.
Carbonation
The carbonation model proposed in equation (1) considers that the carbonation depth is linear with the root of time. There are more complex models in literature (such as [14] [19]
[47]), but none of these models have been validated experimentally. In addition, the TransChlor model shows little correlation between carbonation and the chloride movement in
concrete. This simplified model is justified by the fact that carbonation influences the cement capacity to capture the chloride ions. The carbonation velocity varies with the ambient moisture conditions and exposure (urban, countryside or industrial environment, Table 2 ).
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The carbonation is considered in evaluating free and bound chloride ion concentration in the concrete. The temperature is also taken into account, but indirectly in the liquid water and vapor transport models. zone. This transition zone ends where the concrete is regarded as carbonated defined by [16] (i.e. pH value reaches 10.8). This interface corresponds to the carbonation depth obtained by the TransChlor model [36] .  and water condensation on the pore walls produced during the carbonation.
The general carbon dioxide transport equation account for the filling rate of pores with water, the carbon dioxide dissolution in water, the portlandite formation by tricalcium and dicalcium silicate consumption [37] .
Solving for the carbonation depth leads to equation (9) , starting from the carbon dioxide transport equation (1) . More details on the assumptions and simplifications in the present formulation are given in [8] [38]. The adsorption curve is modeled with the BET model which uses data obtained from hardened cement paste tests [57] . The TransChlor model transforms the BET model by adapting it for concretes following equation (11): The monolayer capacity is the adsorbed mass required to form a single layer of water vapour molecules on the cover concrete (13) . The parameter k takes into account the fact that there could be several layers of molecules. Initially, equation (14) determines the number of layers n in the saturation state [57] . The effect of curing time is formulated by an empirical relation deduced from experimental results by [57] . When the curing time is below or equal to 5 days, its value is considered as constant (17) (18). If the curing time is above 5 days, it takes the form according to equations (15) and (16) 
The type of cement is taken into account by constant values (Table 4 ) [57] .
Finally, the parameter k is determined by equation (21) [57] : Type IV pozzolanic cement low hydration heat 0.6 1.5
The water content of the cement paste considers the water and cement amount present in the concrete composition, and a correction accounts for the water saturation in the concrete following equation (22):
with: wsat = water content in the saturated state with respect to the concrete volume [kg/m 3 ].
The temperature effect on the adsorption isotherms remains small. The mass ratio W/C of water to cement represents the principal variability in this model.
Page 16
The desorption curve modelling is carried out with Roelfstra's desorption model [43] 
with:
c1, c2 and c3 = material parameters according to Roelfstra's desorption model, ht = limit of relative humidity when the model passes from a polynomial of second degree to another polynomial degree.
The material parameters c1, c2 and c3 ensure desorption curve continuity at the relative humidity limit point (23 to 26) [43] .
The experimental test data and the results of the present model show a very good correlation [8] . Equation (27) (28) is applied in this case and softens the water content evolution in time. This maximum change was defined by assessing the maximum possible variations and by using adsorption and desorption models identical to the isothermal state: (29): 
Hydrous transport of liquid water by capillary suction
Dcap,to = capillarity coefficient at liquid water contact [mm/s].
When capillary suction is initiated, the capillarity coefficient decreases as a function of time following equation (31) . This reduction is due to the hydraulic pressure loss as the water front penetration increases. 
Chloride ions in concrete pores
The general formulation for chloride ion migration in the cover concrete considers the movement of aqueous chloride ions by diffusion and by water movement. By considering the total chloride ions are the sum of the free and bound chloride ions, the Freundlich's isotherm is inserted in equation (32): (Figure 2 ) by [26] [34] and it is observed that the diffusion coefficient is a function of the concrete composition (Figure 2 ) and the temperature according to Arrhenius' law [56] (equation (34)):. The chloride ion front exhibits a time delay as compared to the water front propagation.
The delay coefficient, RCl, with a value ranging from 0.3 to 0.7 (3) (4) is thus introduced [25] .
The specific value of this delay coefficient is still not accurately documented and, in the absence of additional results, a constant value for this coefficient is uniformly applied to chloride ion convection by liquid water and water vapor.
The equation for chloride ion convection by water is resolved by considering the water velocity at each node. Furthermore, the chloride ion concentration at each node undergoes a translation with respect to the water velocity and the delay coefficient RCl [44] . Unfortunately,
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when the translation is not uniform over all nodes, the conservation balance is no longer respected. To solve this problem, a different resolution step is proposed with an original algorithm [10] .
PREDICTIONS AND EXPERIMENTAL RESULTS
The 
Thermal diffusion process
The thermal diffusion was measured by documenting the results of several cubic samples 
Carbonation
The carbonation depths have been measured by [36] after 5 days of accelerated carbonation on concrete samples having a water to cement ratio of 0.65 and a mass ratio of aggregates to cement of 5. The carbonation rate has been accelerated by increasing the carbon dioxide content in the air by 50% but the ambient temperature was maintained at 25°C [36] .
The carbonation rate was simulated on different relative air humidities and shows the carbonation rate increased for the concrete specimens stored at a relative humidity of 50%.
The experimental results confirm this finding (Figure 4 
Chloride ion concentration in the concrete pores
To validate TransChlor regarding chloride ion transport, experimental results for capillarity tests have been carried out on a specimen made of concrete with W/C ratio of 0.52 (average permeability). This specimen was equipped with a newly developed optical fiber sensor for chloride detection [22] . This sensor is a chemical detector using optical fibers exploiting the Page 27 sensitive fluorescence intensity attenuation principle of a chloride ion indicator. By means of the fluorescence spectroscopy analysis that is often used in biochemistry and medical domain, free chloride ion concentrations in the pore water of concrete has been determined. This small size sensor that is easy to position in various depths in the cover concrete is insensitive to magnetic fields. Moreover, it offers the advantages of non-destructive measurement methods. The model and measurements highlight well the propagation of the chloride ion front which is characterized by a fast increase of the chloride ion concentration at 18mm depth from the concrete surface already after several days of brine exposure.
CONCLUSIONS
1. TransChlor is a numerical model based on the finite element and finite differences methods. This comprehensive model combines various transport modes. i.e. thermal transfer, hydrous transfer of vapor water and liquid water by capillary suction, carbon dioxide diffusion, chloride ion diffusion and chloride ion convection by the hydrous movement.
2.
TransChlor is made for including real climate. Transchlor converges when sudden changes appear in the boundary condition, for example if a rain period succeeds at a dry period.
3.
Liquid water movement by capillary suction is modeled by the kinematics equations.
These equations are transformed to obtain chloride ion movement, simulating in this way chloride ion convection by water using a particular algorithm. This novel approach is validated by experimental results.
4.
TransChlor model simulations and a optical fibers sensor show that the chloride ion front traverses 18 millimeters of cover concrete within a few days when a dry concrete sample is in contact with water. This finding opens the way to the combined analysis by experimental results obtained by a newly developed chloride ion sensor with optical fibers and sophisticate numerical model.
